Type 1 diabetes is a chronic autoimmune disease that leads to destruction of insulinproducing beta cells and dependence on exogenous insulin for survival. Some interventions have delayed the loss of insulin production in patients with type 1 diabetes, but interventions that might affect clinical progression before diagnosis are needed.
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T h e ne w e ngl a nd jou r na l o f m e dicine T ype 1 diabetes is caused by the autoimmune destruction of insulin-producing beta cells in the islets of Langerhans, which leads to dependence on exogenous insulin for survival. Approximately 1 million to 1.5 million Americans have type 1 diabetes, which is one of the most common diseases of childhood (secondmost-common after asthma). 1 Despite improvements in care, the desired glycemic targets are not achieved in most patients with type 1 diabetes, 2 and an increased risk of complications and death persists. Two studies involving Scottish men and women noted the loss of 14.2 and 17.7 life-years, respectively, among those in whom the condition was diagnosed before the age of 10 years and of 11 and 13 life-years, respectively, among those in whom it was diagnosed before the age of 20 years. 3, 4 In genetically susceptible persons, type 1 diabetes progresses through asymptomatic stages before the development of overt hyperglycemia. These stages are characterized by the appearance of autoantibodies (stage 1) and then dysglycemia (stage 2). In stage 2, metabolic responses to a glucose load are impaired, but other metabolic indexes -for example, the level of glycosylated hemoglobin -remain normal, and insulin treatment is not needed. 5 These immunologic and metabolic features can identify persons at high risk for development of clinical disease; overt hyperglycemia, once it develops, requires insulin treatment.
Several immune interventions, when studied in patients with recent-onset clinical type 1 diabetes, have been reported to delay the decline in beta-cell function. 6 One promising type of therapy appears to be Fc receptor-nonbinding anti-CD3 monoclonal antibodies, such as teplizumab; multiple studies involving patients with type 1 diabetes have shown that teplizumab treatment reduces the loss of beta-cell function, even as long as 7 years after diagnosis. [7] [8] [9] [10] [11] The drug modifies CD8+ T lymphocytes, which are thought to be the important effector cells that kill beta cells. 12, 13 Whether interventions at stage 1 or 2 might alter the progression to clinical type 1 diabetes has been unclear. We therefore tested whether teplizumab treatment would prevent or delay the onset of clinical type 1 diabetes in high-risk persons.
Me thods

Trial Participants
Participants were identified through the TrialNet Natural History Study. 14 The trial was conducted from July 2011 through November 2018 at sites in the United States, Canada, Australia, and Germany (Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM .org). The full protocol is available at NEJM.org. Institutional-review-board approval was obtained at each participating site (see the Supplementary Appendix for a full listing). The participants, their parents, or both provided written informed consent or assent before trial entry.
Eligible participants were nondiabetic relatives of patients with type 1 diabetes and were at least 8 years of age at the time of randomization and at high risk for development of clinical diabetes. Participants also had to have had two or more diabetes-related autoantibodies detected in two samples obtained within 6 months before randomization. In addition, participants had to have had evidence of dysglycemia during an oral glucose-tolerance test, with dysglycemia defined as a fasting glucose level of 110 to 125 mg per deciliter (6.1 to 6.9 mmol per liter), a 2-hour postprandial plasma glucose level of at least 140 mg per deciliter (7.8 mmol per liter) and less than 200 mg per deciliter (11.1 mmol per liter), or an intervening postprandial glucose level at 30, 60, or 90 minutes of greater than 200 mg per deciliter on two occasions, within 52 days before enrollment. The protocol was amended in 2014 to allow enrollment of participants younger than 18 years of age who had a single abnormal oral glucose-tolerance test result, because the rates of type 1 diabetes progression were similar with or without a confirmatory oral glucose-tolerance test in this age group. In eight participants (five in the teplizumab group and three in the placebo group), the second pretreatment oral glucose-tolerance test was performed on the first day of administration of teplizumab or placebo. Persons with other clinically important medical histories, abnormal laboratory chemical values, or abnormal blood counts were excluded.
Trial Design and Intervention
Participants were randomly assigned in a 1:1 ratio to receive either teplizumab or placebo. Random-ization was stratified according to TrialNet site, age (<18 years or ≥18 years), and second oral glucose-tolerance test result before treatment (impaired tolerance, normal tolerance, or diabetes). The treatment-group assignments were doublemasked. Participants received a 14-day outpatient course of teplizumab or saline to be administered intravenously in a clinical research center. Teplizumab was given at a dose of 51 μg per square meter of body-surface area on day 0, a dose of 103 μg per square meter on day 1, a dose of 207 μg per square meter on day 2, and a dose of 413 μg per square meter on day 3, followed by a dose of 826 μg per square meter on each of days 4 through 13, as described previously.
7,10
End Points and Assessments
The primary end point was the elapsed time from randomization to the clinical diagnosis of diabetes, determined with the use of criteria from the American Diabetes Association. 15 Scheduled oral glucose-tolerance tests were performed 3 months and 6 months after the infusions and every 6 months thereafter. Random screening glucose levels were evaluated at 3-month intervals, and an oral glucose-tolerance test was performed if the random glucose level was higher than 200 mg per deciliter (11.1 mmol per liter) in association with standardized symptoms of diabetes.
Oral glucose-tolerance test results that indicated diabetes were then sequentially confirmed, and the date of diagnosis was identified as the time of the first of the two diagnostic tests. 16 Outcomes were reviewed by the TrialNet Eligibility and Events Committee, the members of which were unaware of the treatment-group assignments.
Trial Oversight
The trial was developed and conducted by Type 1 Diabetes TrialNet, which is funded by the National Institutes of Health and the Juvenile Diabetes Research Foundation. MacroGenics was the holder of the investigational new drug application at the start of the trial. Currently, Provention Bio holds the application, and employees of Provention Bio reviewed the manuscript before submission.
The trial coordination, laboratory tests, and data management were conducted centrally, with the exception of complete blood count and differential and routine chemical analyses, which were performed at the infusion sites. Flow cytometry was performed centrally (Table S1 in the Supplementary Appendix). TrialNet investigators designed the trial. Members of the TrialNet Coordinating Center, including two of the authors, gathered and analyzed the data and vouch for the accuracy and completeness of the data and for the fidelity of the trial to the protocol. An independent medical monitor (who was unaware of the treatment-group assignments) reviewed all accruing safety data. MacroGenics provided teplizumab and matching placebo but was not involved in the conduct of the trial or in data analysis. Representatives from the sponsoring institute of the National Institutes of Health (National Institute of Diabetes and Digestive and Kidney Diseases) participated in the design and conduct of the trial; interpretation of the data; preparation, review, and approval of the manuscript for submission; and the decision to submit the manuscript for publication. The sponsor did not have the right or ability to veto submission for publication.
Statistical Analysis
The cumulative incidence of diabetes diagnosis within each group over time after randomization was estimated in a Kaplan-Meier analysis with the "diabetes-free" survival function. 17 The difference between the treatment groups in the 6-month-interval cumulative-incidence functions was estimated as the hazard ratio, and hypotheses were evaluated with the use of a likelihoodratio test; both analyses were based on the Cox proportional-hazards model. 18 Because of slower-than-expected rates of enrollment, the original protocol (which called for the enrollment of 144 participants) was revised to detect a 60% (previously 50%) lower risk in the teplizumab group than in the placebo group (i.e., a hazard ratio of 0.4) with 80% statistical power at an alpha level of 0.025 (one-sided). This update set the goal of enrolling at least 71 participants and following them until 40 participants had received a diagnosis of type 1 diabetes. 19 Data on safety and efficacy were evaluated twice yearly by an independent data and safety monitoring board. An interim analysis was conducted when 18 (of 40) cases of type 1 diabetes had been observed, and a formal comparison was presented to the data and safety monitoring board. n engl j med nejm.org
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T h e ne w e ngl a nd jou r na l o f m e dicine Lan-DeMets stopping rules were used. 20 Data were analyzed according to the intention-to-treat principle. Tests of significance reported herein are two-sided, with a threshold of significance of 0.05. The interim assessment had a negligible effect on the threshold of significance for the final analysis (one-sided P = 0.0247), and therefore fixed-sample significance levels are reported. All confidence intervals reported are 95% confidence intervals. Subgroup analyses were prespecified but were not adjusted for multiple testing. Flowcytometry data were analyzed by means of analysis of variance at four time points. Statistical analyses were performed with either TIBCO Spotfire S+ Workbench, version 8.2 (TIBCO), or SAS software, version 9.4 (SAS Institute).
R esult s
Participants
Of the 112 potential participants who were screened for eligibility, 76 underwent randomization -44 to the teplizumab group and 32 to the placebo group (Fig. S2 in the Supplementary Appendix). The randomization process resulted in unequal numbers of participants in the treatment groups, perhaps because of the small number of enrolled participants (<4) at some study sites, randomization stratification, or other, unclear factors. Before enrollment, all participants were positive for at least two autoantibodies, and 71% were positive for three or more autoantibodies. The treatment groups were generally well balanced with regard to baseline characteristics (Table 1, and Table S2 in the Supplementary Appendix). The majority of participants (55 [72%]) were children (<18 years), most were white, and more than half were siblings of patients with type 1 diabetes. Of the 55 participants who were younger than 18 years of age, 47 had a confirmed dysglycemic oral glucose-tolerance test result before randomization. Of the participants who underwent randomization after a single dysglycemic test result, 2 had diabetic and 6 had normal oral glucose-tolerance test results on the day of randomization. These participants were included in the intention-to-treat analysis, which was adjusted for the results of the blinded oral glucose-tolerance test before randomization.
In total, 93% of participants in the teplizumab group (41 of 44) and 88% of participants in the placebo group (28 of 32) completed the 14-day course of the assigned trial agent. The median total dose of teplizumab administered was 9.14 mg per square meter (interquartile range, 9.01 to 9.37). Three participants in the teplizumab group and 4 participants in the placebo group did not complete the trial regimen; the reasons were laboratory abnormalities (4 participants), an inability to have intravenous access established (2), or rash (1). The median follow-up duration was 745 days (range, 74 to 2683). The duration of follow-up was more than 3 years in 57 participants (75%). Type 1 diabetes was diagnosed in 42 participants (55%).
Efficacy
Treatment with a single course of teplizumab delayed the time to diagnosis of type 1 diabetes diabetes. ‡ Shown are the autoantibodies for which participants were positive at the time of randomization. All participants were positive for at least two autoantibodies before randomization. The percentage of participants with progression to clinical type 1 diabetes in the overall trial population was greater in the first year after trial entry (17 of the 42 participants with progression, 40%) than in year 2 (10 participants, 24%), year 3 (6 participants, 14%), or year 4 (5 participants, 12%) (Table S3 in the Supplementary Appendix). The largest effect of teplizumab treatment was found in the first year: diabetes was diagnosed in only 3 of 44 participants (7%) in the teplizumab group, in contrast to 14 of 32 participants (44%) in the placebo group (unadjusted hazard ratio, 0.13; 95% CI, 0.05 to 0.34).
Safety
Teplizumab treatment was associated with adverse events, which are listed in Table 2 . Similar to findings in previous trials of teplizumab in patients with new-onset type 1 diabetes, the lymphocyte count decreased to a nadir on day 5 (total decrease, 72.3%; interquartile range, 82.1 to 68.4; P<0.001) (Fig. 2A) . 7, 8 A total of 15 (75%) of the 20 grade 3 events in the teplizumab group involved lymphopenia during the first 30 days after administration. Lymphopenia resolved by day 45 n engl j med nejm.org
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T h e ne w e ngl a nd jou r na l o f m e dicine in all participants except one; in that participant, the lymphocyte counts returned to the normal range on day 105. A spontaneously resolving rash, as previously noted, occurred in 16 (36%) of participants who received teplizumab. 8 The rates of infection were similar in the two treatment groups.
Anti-CD3 monoclonal antibody treatment has been associated with Epstein-Barr virus (EBV) reactivation. 21, 22 At trial entry, 30 participants (39%; 16 in the teplizumab group and 14 in the placebo group) had antibodies against EBV. At weeks 3 through 6 after receipt of the trial regimen, there was quantifiable EBV DNA in whole blood in 8 of the seropositive participants -all in the teplizumab group -one of whom had symptoms of pharyngitis, rhinorrhea, and cough on day 38. In these participants, the EBV DNA levels decreased to below the level of quantification between day 43 and day 134 (mean day 77).
At trial entry, 17 participants (10 in the teplizumab group and 7 in the placebo group) had antibodies against cytomegalovirus (CMV). One participant in the teplizumab group who was CMV-seropositive had detectable levels of CMV DNA at day 20, but CMV DNA was undetectable by day 42.
Changes in Immune-Cell Subsets
An increased frequency of TIGIT+KLRG1+EOMES+ CD8+ T cells, associated with T-cell unresponsiveness, has previously been reported among patients with new-onset diabetes who had a response to teplizumab. 12, 13 To determine whether treatment with teplizumab in the current prevention trial was associated with similar changes, we analyzed the frequency of KLRG1+TIGIT+CD8+ T cells among the total CD3+ T cells in the two treatment groups. These cells were more common at months 3 and 6 than at baseline in par- n engl j med nejm.org
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T (Fig. 2B, and Figs. S3 and S4 in the Supplementary Appendix).
In contrast, the frequency of CD4+ regulatory T cells or KLRG1−TIGIT−CD8+ T cells did not differ significantly between the two treatment groups, which suggested that there was selectivity in the effect of teplizumab 23, 24 ( Fig. S3 in the Supplementary Appendix).
Subgroup Analysis
In prespecified analyses, we compared the effects of teplizumab in subgroups based on age, HLA type, pretreatment C-peptide and glucose levels during the oral glucose-tolerance tests, and autoantibodies (Fig. 3) . Among the 43 participants in the teplizumab group for whom data were available, 21 (49%) had HLA-DR3 and 28 (65%) had HLA-DR4 major histocompatibility complex (MHC) molecules. The presence of HLA-DR4 and absence of HLA-DR3 were associated with more robust responses to teplizumab (hazard ratio, 0.20 [95% CI, 0.09 to 0.45] and 0.18 [95% CI, 0.07 to 0.45], respectively, without adjustment for multiplicity) (Figs. S5 and S6 in the Supplementary Appendix). The response to teplizumab as compared with placebo was greater among participants without anti-zinc transporter 8 (ZnT8) antibodies than among those with these antibodies (hazard ratio, 0.07; 95% CI, 0.02 to 0.26) (Fig. S7 in the Supplementary Appendix). The presence or absence of other autoantibodies was not associated with clinical response. The response to teplizumab was also greater among participants whose C-peptide responses to the oral glucosetolerance test at baseline were below the median (1.75 nmol per liter) than among those whose responses were above the median (hazard ratio, 0.19; 95% CI, 0.08 to 0.47) (Fig. S8 in the Supplementary Appendix).
Discussion
In this phase 2 trial, a single course of teplizumab significantly slowed progression to clinical type 1 diabetes in high-risk, nondiabetic relatives of patients with diabetes and had at least two autoantibodies and abnormal results of an oral glucosetolerance test at trial entry. The median delay in the diagnosis of diabetes was 2 years; at the conclusion of the trial, the percentage of diabetesfree persons in the teplizumab group (57%) was double that in the placebo group (28%). The safety analysis revealed expected adverse events of rash and transient lymphopenia among both children and adults. The delay of progression to diabetes is of clinical importance, particularly for children, in whom the diagnosis is associated with adverse outcomes, and given the challenges of daily management of the condition.
2,4 Our findings support the notion that type 1 diabetes is a chronic T-cell-mediated disease and suggest that immunomodulation before the development of clinical disease can be useful. 6, 25 The effects of teplizumab were greatest in the first 3 years after administration. Among the participants in whom diabetes was diagnosed, 41% had the disease within the first year after randomization, and the risk was lowest at that time for those exposed to teplizumab. The relatively rapid rate of progression to clinical diabetes in the placebo group reflects the very high risk among children with autoantibodies. 5, 26, 27 Indeed, our observations among young persons who did not yet have clinical disease reflect the likely progression when two or more autoantibodies and dysglycemia are found and are consistent with our report of high rates of beta-cell death in these persons. [26] [27] [28] Preclinical studies suggested that an active autoimmune response is needed for the actions of an anti-CD3 monoclonal antibody 29, 30 ; thus, earlier interventions (i.e., during stage 1) may be less efficacious. Consistent with such observations, the response to teplizumab was greatest among participants with C-peptide responses that were below the median. We speculate that the efficacy during the period before diagnosis supports the development of an active screening program to identify persons who are at extremely high risk for disease progression.
Our data suggest that responses to teplizumab differ on the basis of characteristics of the participants. The absence of one type 1 diabetesassociated MHC allele, HLA-DR3, but the presence of HLA-DR4, as well as the absence of antiZnT8 antibodies identified the persons most likely to have a response. The MHC may modulate responsiveness to teplizumab through its effect on the T-cell repertoire, perhaps altering T-cell activation status and susceptibility to the effects of the drug. We speculate that anti-ZnT8 antibodies may identify persons with a more fulminant immune response or other features that make their T cells less susceptible to teplizumab. The transient decline in lymphocyte counts with teplizumab treatment most likely reflects egress from the peripheral blood. 31, 32 Our flowcytometry studies may suggest that teplizumab treatment causes changes in the phenotype of CD8+ T cells; we have previously associated these changes with a nonresponsive or "exhausted" phenotype. 13 These CD8+ T cells are not, how- The forest plot shows the hazard ratios and 95% confidence intervals for a diagnosis of type 1 diabetes in the teplizumab group as compared with the placebo group for the two categories of each baseline feature. The Cox model was adjusted for age, with the exception of the interaction test for age (<18 years vs. ≥18 years), but was not adjusted for multiple testing. BMI denotes body-mass index, GAD65 glutamic acid decarboxylase 65, IA-2 islet antigen 2, ICA islet-cell autoantibody, and ZnT8 zinc transporter 8. ever, inactive, since the few participants with detectable EBV and CMV DNA had rapid clearance of these DNA loads. [33] [34] [35] The resolution of EBV and CMV activation and the absence of an increased rate of infectious adverse events lead us to hypothesize that the duration of the functional effects of teplizumab on T cells may be affected by their avidity for autoantigens, viral antigens, or other antigens. The effects may be short-lived in T cells that have high avidity for viral antigens such as those associated with EBV but longer-lived in autoreactive T cells, which have lower avidity. Future studies with antigenreactive T cells will be needed to address this hypothesis.
Our trial had certain limitations. The cohort was relatively small, and the estimated power was limited. The participants were relatives of patients with type 1 diabetes, and we do not know whether these findings will be generally applicable to persons who do not have first-degree relatives with diabetes and who appear to be at risk for type 1 diabetes. Although it reflected the known incidence of disease, our trial population was overwhelmingly made up of non-Hispanic white participants. The drug was given for only one course, and although repeated dosing may provide additional benefits and capture more persons with active disease or prolong the therapeutic effect, this strategy was not tested in this trial. 7, 11 We have not fully assessed the potential development of antibodies to teplizumab, which would be a concern. An assay to detect such autoantibodies has not yet been fully vetted and validated.
In previous trials, antidrug antibodies have been found in approximately 20% to 55% of teplizumab-treated participants after the first course, but the effects on the immunologic or clinical outcomes are not clear. 10, 36 In conclusion, in our trial, a 2-week course of treatment with teplizumab delayed the diagnosis of clinical type 1 diabetes in high-risk participants.
